Environmental regulation under conditions of imperfect competition in the presence of nonpoint sources (NPS) of pollution has not been well analyzed in the literature. This paper models strategic firm interaction and the effect of ambient charges on total NPS pollution in an imperfectly competitive, Cournot type duopoly under constant and decreasing returns to scale (CRTS & DRTS). We identify two distinct and often opposing effects. Under CRTS, the primary effect of a higher ambient charge is to increase pollution abatement (and thus decrease pollution) while the secondary effect is to lower output. Higher pollution abatement and lower output reinforce each other so that a higher ambient charge results in an unambiguous decrease in NPS pollution. Under DRTS, a higher ambient charge decreases output but the effect on abatement is ambiguous. Moreover, the marginal effect of a change in the ambient charge is larger under CRTS than DRTS. Our results indicate that, in general, pollution control mechanisms such as ambient charges tend to be more effective under CRTS.
Introduction
The regulation of polluting firms by decentralized mechanisms is not only of theoretical interest but is also a policy issue that has assumed considerable significance over the last decade. Nonpoint source (NPS) pollutionthat is, pollution from diffuse sources rather than one specific source-accounts for the majority of present day pollution, especially water pollution. Since NPS pollution originates from several sources, firm specific emissions are virtually impossible to measure and are moreover considerably complicated by issues of moral hazard 1 .
A central issue in environmental policy is the design of a regulatory system to address NPS pollution. Commandand-control policies for reducing nonpoint source (NPS) water pollution mandated under the Federal Water Pollution Control Act (FWPCA) have not been particularly successful. Ambient charges-charges based on the total amount of pollution irrespective of firm specific originsconstitute one possible mechanism of pollution control. The use of such charges has been widely discussed in the literature ( [2] [3] [4] [5] [6] [7] ). Ambient charges have several advantages over other instruments of pollution control such as quantitative standards, effluent taxes and tradable permits. An effluent tax requires monitoring the amount of pollution generated from each source as well as an assessment of the abatement costs of the polluting firms ( [8] [9] [10] [11] [12] ). However such firm-specific information is difficult to gather and requires effective monitoring involving substantial enforcement costs.
Much of the earlier work on pollution control assumed polluting firms to be price takers. There is some literature on environmental policy under conditions of imperfect competition for point sources of pollution (see [13, 14] ). In contrast, environmental policy under NPS pollution and imperfect competition has hardly received much attention in the literature. More recently, [3] explores the effectiveness of ambient charges when NPS polluting firms cooperate with each other. Clearly, the issue of competetive interaction among nonpoint source polluters is central to the policy effectiveness of ambient based charges.
The fundamental objective of our paper is to study the effect of ambient charges on total NPS pollution in a Cournot-type duopolistic market. Such a setting clearly brings to the forefront the central issues of competitive interaction and its effect on the optimal design of ambient based pollution charges. Such duopolistic interaction is common in many industries. Prominent examples include Airbus and Boeing, Pepsi and Coca-Cola, Home Depot and Lowes, Canon and Nikon, Kleenex and Puffs, Fedex and UPS, Verizon and AT & T, PetroChina and Sinopec, etc. Many of these companies are located in industries like transportation, transportation equipment manufacturing, beverages, paper, petroleum, etc. that generate significant pollution and account for considerable pollution abatement operating and capital equipment expenditures.
We assume a two stage duopolistic game. In the first stage of the game, the regulator announces an ambient charge following which both firms choose their pollution abatement technologies. In the second stage after the pollution abatement technology has been chosen, the firms simultaneously choose their optimal output levels. The model assesses strategic firm interaction under alternative assumptions about production technologies (constant and decreasing returns to scale). Simulation is used to evaluate the effect of changes in the ambient charge on total NPS pollution under different technologies.
Ambient Charges, Pollution Abatement Costs and Expenditures
Periodically, the US Department of Commerce along with the Environmental Protection Agency (EPA) conducts a Pollution Abatement Costs and Expenditures (PACE) survey [15] that constitutes the most comprehensive source of information on capital expenditures and operating costs associated with pollution abatement for about 20,000 plants in the US manufacturing Industry. The most recent PACE data was published in April 2008. The PACE survey divides pollution abatement costs into two broad categories-pollution abatement operating costs and pollution abatement capital expenditures. Table 1 reports overall data for the US manufacturing sector as well as 12 of the most significant subsectors. For the entire manufacturing sector, pollution abatement operating costs constitute roughly 78% of total abatement costs while pollution abatement capital expenditures constitute 22%. Of total pollution operating costs, pollution treatment constitutes 52%, disposal 22%, prevention 17% and recycling 8%. Air pollution abatement makes up the major bulk (42%) of operating costs while water (33%) and solid waste (26%) account for remaining costs. As far as capital expenditures are concerned, air pollution capital expenditures makes up nearly 66% while water (23%) and solid waste (11%) constitute the remaining expenditure. Among industries with the largest pollution abatement costs are transportation, paper, petroleum, beverages and transportation equipment manufacturing. As noted earlier, several of these industries are characterized by duopolistic competition.
Empirical assessments of ambient charges on pollution are fairly sparse. A recent study by the economy of Estonia 2 tried to assess if ambient air pollution permits encouraged investment in pollution abatement technology. Pollution is a significant problem in Estonia; the economy's ecological footprint is nearly 4 times larger than is considered economical and its energy intensity usage per capita is among the highest in Europe. A recent study by the National Audit Office of Estonia to assess the effectiveness of ambient air pollution permits revealed several problems. Current charges taxed hazardous pollutantsregardless of the level of danger they represented-at one and the same rate. Pollutants that were produced in large quantities were taxed at a lower rate than others while some pollutants were not taxed at all. In many cases pollution charges were set so low that is was far more economical to pay the charges than incur the cost of pollution abatement technology. The Estonian report highlights the many real world design and implementation problems that underlie ambient charges. Ambient pollution charges are only one part of a more comprehensive environmental regulatory system and are most effective when supported by other legal and administrative measures.
The Model under Constant Returns to Scale (CRTS)
The basic model relates to a Cournot type setting in which two firms   . The cost function implies that pollution abatement is costly and is assumed to be separable in output and abatement technology.
In response to NPS pollution, the regulator imposes an ambient pollution standard,  and a uniform ambient charge, . If total pollution is greater than the ambient standard each firm pays a fine equal to
On the other hand, if total pollution from both firms is less than the ambient standard, each firm receives a uniform sub-
The primary advantage of the ambient charge over other instruments of pollution control is that unlike other instruments where moral hazard is an endemic problem, the ambient charge obviates the need to monitor the firms constantly. The profit function, i  , in a duopoly setting under these assumptions is given by:
The first order conditions for profit maximization imply that:
Solving simultaneously for the output reaction functions results in (4) below. The reaction functions capture the effect of one firm's decisions on another and thus capture the interactive element of decision making.
Now assume a two stage game. In the first stage of the game, the regulator announces an ambient pollution standard in response to which firms choose their pollution abatement technology parameters given the cost and ambient charge parameters of the model. After the pollution abatement parameters are determined in the first stage, the firms subsequently choose the optimal level of output in the second stage of the game. Now consider the first stage of the game wherein both firms choose the optimal pollution abatement technologies. Substituting the values of and
; , 1,2;
The solution for the optimal pollution abatement technologies is given by differentiating (5) 
Using the first order conditions from (3), the above implies that   
, the denominator of (7 
Once the optimal pollution technology is determined, the optimal level of output can be determined in the second stage of the game by substituting (9) into (4). Thus
The total pollution at the equilibrium is then given by:
This "pollution function" is dependent on both marginal cost and the uniform ambient charge. The manner in which the pollution function responds to both these variables is considered in the next section.
The Optimal Pollution Function
This section derives the optimal pollution function which is useful in developing some underlying intuition of the comparative statics of the model. Holding marginal cost constant, an increase in the ambient charge, t, on α ** , q ** and   is given by:
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These comparative signs are difficult to sign unambiguously and are therefore simulated for different values of the ambient charge and marginal cost 3 . The comparative statics consider 3 distinct effects-the effect of a change in the ambient charge (t) on the abatement parameter α ** , on optimal output q ** and on the level of pollution,   . First, consider the effect on the abatement parameter of a change in the ambient charge. The simulated values of (12) are negative implying that at given levels of marginal cost, an increase in the ambient charge decreases α. Since a lower value of α implies that more pollution is abated, an increase in the ambient charge has the expected outcome of decreasing the quantity of pollution. Equation (13) implies that the increase in the ambient charge has a secondary impact-a higher ambient charge decreases output. The combined effect of higher pollution abatement and lower output is captured by (14) and the simulated results of (14) are reported in Table 2 and depicted in Figure 1 . The negative slope of the pollution function is given by (14) . It is clear from both Table 2 and the equilibrium pollution function depicted in Figure 1 that an increase in the ambient charge (while holding constant marginal cost) unambiguously lowers total NPS pollution under CRTS.
Next, consider the comparative statics of a change in marginal cost on the abatement parameter, output and pollution while holding constant the ambient charge, t. 
The first result, (15) , is unambiguously positive and implies that an increase in marginal cost, holding constant the ambient charge, increases α. Since a higher value of α implies that less pollution is abated, an increase in marginal cost has the effect of increasing pollution. The intuition here is that since pollution abatement is costly, the firm responds to an increase in marginal cost by decreasing pollution abatement and thereby increasing total pollution. Equation (16) is unambiguously negative implying that an increase in marginal cost decreases output which consequently leads to lower pollution. Equations (15) and (16) thus imply that an increase in marginal cost results in two countervailing effects. While lower pollution abatement serves to increase total pollution, the decrease in output works in the opposite direction to decreases total pollution. Equation (17) is simulated for different values of the ambient charge and marginal cost (see Table 3 ). Table 3 implies that even though (15) and (16) work in opposite direction, the net effect of an increase in marginal cost is to decrease total NPS pollution under CRTS.
This result is also depicted in Figure 1 . The equilibrium pollution function is shown in Figure 1 for two specific values of marginal cost (η = 0.10, η = 0.20). Holding constant marginal cost along each pollution curve, it is evident that as the ambient charge increases, equilibrium NPS pollution decreases. Holding constant the ambient charge, a higher (lower) marginal cost shifts the pollution function downwards (upwards). In essence, for a given ambient charge, a higher marginal cost decreases total NPS pollution under CRTS.
The extent to which these results can be generalized depends on several factors. The assumption of a Cournot duopoly clearly imposes a particular type of firm structure. A previous paper by us [16] considers questions similar to those in this paper but under a Bertrand duopoly. In addition to firm structure, the results are affected by the assumed cost structure. In the next section, we extend the results of this section to the case of decreasing returns to scale.
The Model under Decreasing Returns to Scale (DRTS)
Now suppose the cost function is given by:
; , 1 ,2; 
Solving for both outputs simultaneously yields the reaction functions:
Equations (10) and (11) 
Utilizing the first order conditions given by (19), the optimal values of α i are given by: 
where (20) gives:
The level of total NPS pollution under DRTS is then given by:
The comparative statics of a change in the ambient charge on the abatement parameter, output and pollution is given by:
where
cannot be unambiguously determined, we simulated (24)-(26) for different ambient charge (t) and marginal cost (η) values. The results indicate that while the effect of change in the ambient charge on the abatement parameter is ambiguous under DRTS, the effect of a change in the ambient charge on output is unambiguously negative. Equation (26) indicates that the effect of a change in the ambient charge on NPS pollution is composed of two effects-the effect on the abatement parameter and the effect on output. The first of these effects is ambiguous but the second is unambiguously negative. The net effect of a change in the ambient charge on total NPS pollution is reported in Table 4 . These are however all negativein effect, the decline in output resulting from an increase in the ambient charge overwhelms the ambiguous effect on pollution abatement. The net effect is to reduce NPS pollution under DRTS.
While an increase in the ambient charge reduces total pollution under both CRTS and DRTS, the marginal effect of a change in the ambient charge is larger under CRTS. (This is apparent from a comparison of the values in Tables 2 and 4). The reason for the more pronounced impact under CRTS is due to the fact that an increase in the ambient charge leads to more pollution abatement under CRTS while this effect is ambiguous under DRTS.
The same notion is highlighted in Figure 1 . The pollution functions under both CRTS and DRTS are downward sloping indicating that an increase in the ambient charge leads to a decline in total NPS pollution. The pollution functions under CRTS lie on a lower plan than DRTS indicating that for similar values of marginal cost, total NPS pollution under CRTS is less than DRTS.
Finally, consider the impact of a change in marginal cost while holding constant the ambient charge. The comparative statics of a change in η are given below:
. Since the sign of (24) 4 A useful result in simplifying (15) to arrive at the form given by (16) is to recognize that
Copyright 
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The signs of these comparative statics are not obvious. The simulated value of (27) indicates that an increase in marginal cost leads to an increase in the value of the abatement parameter. Since a higher value of the abatement parameter indicates a lower level of pollution abatement, total pollution increases. In essence, when marginal cost goes up costly pollution abatement is scaled back, leading to more pollution. Equation (28) indicates that when marginal cost increases, output falls which consequently leads to less pollution. Even though both these effects work in opposite directions, the net effect of an increase in marginal cost on pollution given by (29) is unambiguously negative. The simulated effect of an increase in marginal cost on pollution is reported in Table 5 . It is clear from a comparison of Tables 3 and 5 that this effect is more pronounced under CRTS than under DRTS. Figure 1 reinforces the same notion. Holding constant the ambient charge, a higher (lower) marginal cost under both CRTS and DRTS shifts the pollution function downwards (upwards). In essence, for a given ambient charge, a higher marginal cost decreases total NPS pollution under CRTS and DRTS.
The results for decreasing returns to scale above can be extended to the case of increasing returns to scale (IRTS). Under IRTS, the cost structure is given by:
In this paper, we model the imposition of ambient charges as a mechanism of pollution control in a Cournot duopoly. The model assesses strategic firm interaction under two alternative assumptions about returns to scale. Under CRTS, an increase in the ambient charge results in two distinct effects. The primary effect of a higher ambient charge is to increase pollution abatement (and thus decrease pollution) while the secondary effect is to lower output. The effect of higher pollution abatement and lower output reinforce each other so that an increase in the ambient charge results in an unambiguous decrease in total pollution under CRTS. Under DRTS, a higher ambient charge decreases output but the effect on abatement is ambiguous. However, the net effect is to decrease pollution though the impact of an ambient charge on pollution reduction is lower under DRTS than CRTS.
Our model also indicates that for a given ambient charge, an increase in marginal cost results in two countervailing effects. A higher marginal cost decreases pollution abatement (and thus increases pollution) while also reducing output which results in lower pollution. The net effect of higher marginal cost is to reduce pollution but this effect is more pronounced under CRTS than DRTS. The implication is that NPS pollution mechanisms like ambient charges tend to be more effective under CRTS than DRTS.
